Background: Growing evidence shows that microRNAs (miRNAs) are involved in various cardiac processes including cardiac hypertrophy. However, the modulation of miRNA by pharmacological intervention in cardiomyocyte hypertrophy has not been disclosed yet. Methods: We constructed neonatal rat cardiomyocyte hypertrophy induced by angiotensin II stimulation and subjected to cardiomyocyte immunochemistry, qRT-PCR and immunoblotting analysis. In addition, we constructed the mouse cardiac hypertrophy using angomir-22 stimulation and demonstrated the potential antihypertrophic mechnism of atorvastatin.
Introduction
Cardiac hypertrophy is a common response to a variety of physiological as well as pathophysiological stimuli. The typical features of cardiac hypertrophy are reactivation of fetal genes, reorganization of sarcomere, and enlargement of cardiomyocyte size [1] . Although physiological hypertrophy shows an enhancement of cardiac function, prolonged cardiac hypertrophy will eventually lead to heart failure or sudden death by activating intracellular signaling pathways and transcriptional mediators in cardiac myocytes [2] . Because of the grave consequence of cardiac hypertrophy, many scientific works endeavor to disclose the underlying mechanisms of pathological hypertrophy and reverse its deleterious aspect. There have been major advances in the identification of cardiac autonomous and endocrine/paracrine signaling pathways involved in cardiac hypertrophy process, but the overall complexity of hypertrophic remodeling suggests that additional regulatory mechanisms remain poorly understood.
Current treatments for cardiac hypertrophy are limited to vasodilators or afterload reducers, but few other therapies are directed at the myocardial process. The HMG-CoA reductase inhibitors are widely prescribed cholesterol-lowering agents that decrease the mortality and morbidity in patients with atherosclerotic cardiovascular disease. Previous investigations have suggested that statins may be involved in antihypertrophic role through multiple mechanisms. For example, atorvastatin prevents the development of cardiac hypertrophy partly through reducing active Ras and p44/42 MAPK [3] . Hypoxia in neonatal cardiomyocytes increases ROS and myocardin expression to cause cardiomyocyte hypertrophy, which can be prevented by atorvastatin by suppressing ROS and myocardin expression [4] . Laufs and colleagues proved that statins inhibit MLC-2 and ANF expression in hypertensive rats, again accompanied by a decrease in GTP binding activity of RhoA and Rac1 [5] . Rodrigues et al. demonstrated that statins inhibit several angiotensin II (Ang II)-activated intracellular signaling systems, including p38-MAPK and ROCK, which regulate the AngII/Smad pathway and related profibrotic factors [6] . PTEN, as a negative regulator of phosphatidylinositol-3 kinase (PI3K)-AKT pathways, was recently found to be decreased in hypertrophic cardiomyopathy and to be involved in a wide variety of hypertrophic adaptive responses in cardiomyocytes [7] . Researchers transfected PTEN into neonatal rat cardiomyocytes and found that it inhibits Ang II-induced cardiac myocytes hypertrophy, suggesting that PTEN is involved in negative modulation of cardiac myocytes hypertrophy [8] . Planavila et al. elucidated a new potential antihypertrophic effect of atorvastatin, which can inhibit activation of the Akt/GSK-3β hypertrophic pathway by regulating PTEN activation [9] .
MicroRNAs (miRNAs) are a class of small non-coding RNAs that mediate posttranscriptional gene silencing. Growing evidences show that miRNAs play pivotal roles in diverse aspects of heart diseases, including myocardial ischemia [10, 11] , apoptosis [12, 13] , arrhythmia [14] , cardiac fibrosis [15] , and heart failure [16, 17] . Notably, evidence from recent studies has shown that miRNAs are involved in regulating cardiomyocyte cell size, cardiac growth and fibrosis in cardiac hypertrophy [18, 19] . A recent study demonstrated that miR-21 regulates MMP-2 expression in cardiac fibroblasts of the myocardial infarct zone through a PTEN pathway [20] . And Xu et al. proved that attenuation of miR-22 in rat cardiomyocytes efficiently protected from hypertrophic effects through derepressing PTEN [21] . The previous studies suggest that there is a therapeutic potential for miRNAs treatment of cardiovascular disease. Antagomirs are now used as a means to constitutively inhibit the activity of specific miRNAs [22] . However, it remains a challenge to use antagomir as a promising treatment in clinical trials because it is hard to deliver and the fact that specificity of targeting miRNA is difficult to realize. The aims of the present study are to determine the role of miRNAs in Ang II-induced cardiac hypertrophy. In particular, we put forward that specific miRNA can be modulated by pharmacological intervention. In this study, we focused on the interaction between miR-22 and atorvastatin in Ang II-induced cardiac hypertrophy. To this end, we evaluated the antihypertrophic effects of atorvastatin and disclosed the underlying mechanisms, which was involved in regulation of miR-22 expression in cardiomyocyte hypertrophy in vitro and in vivo.
Materials and Methods

Animal care
Eight-week-old male Kunming mice (25-28g), which were supplied by the Medical Experimental Animal Center of Harbin Medical University, China. The mice were fed under standard animal room conditions (temperature 21±1°C; humidity 55-60%). Food and water were freely available throughout the experiments. All procedures were approved by the ethical committee of Harbin Medical University, China and were in accordance with the National Institutes of Health Guidelines for the care and use of experimental animals (NIH Publication No. 85-23, revised 1996).
Cardiomyocyte culture and cell models for hypertrophy
The myocyte dissociation procedure was similar to that described previously [23] . In brief, neonatal rat cardiomyocytes were isolated and cultured from the ventricles of 2-day-old Sprague-Dawley rats. The ventricles were excised, washed and cut into small pieces in serum free DMEM medium, then digested with a 0.25% solution of trypsin in a carbon dioxide incubator to keep the reaction temperature at 37°C. After dissociation, the cells were subjected to centrifugation, followed by differential preplating to enrich cardiomyocytes and deplete nonmyocytes. And then, the purified cardiomyocytes were diluted to 1×10 6 cells/ml and plated on flasks in DMEM supplemented with 10% fetal bovine serum (FBS). Having been cultured for 48 h, the medium was replaced with a serum free maintenance medium and incubated for another 24 h. Then the culture medium was changed to serum-free DMEM and cells were pretreated with atorvastatin in dosage (10 μmol/L) or phosphate buffer saline (PBS) for 30 min and subsequently stimulated with 1 μmol/L Ang II (Sigma, USA) for 48 h.
Quantitative reverse transcription-PCR (qRT-PCR)
Total RNA samples from cultured cardiomyocytes and cardiac tissues were isolated using Trizol reagent (Invitrogen, USA) according to manufacturer's protocols. Total RNA (0.5μg) was then reverse transcribed using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA) to obtain cDNA. The SYBR Green PCR Master Mix Kit (Applied Biosystems, USA) was used in qRT-PCR to quantify the RNA levels of miR-1, miR-9, miR-15b, miR-21, miR-22, miR-23a, miR-24, miR-26a, miR-27, miR-133, miR-199b, miR-208, miR-214 and miR-499 using SYBR Green PCR Master Mix Kit, with U6 as an internal control. The qRT-PCR was performed on 7500 FAST Real-Time PCR System (Applied Biosystems, USA) for 40 cycles. The hypertrophic markers such as ANP, BNP and β-MHC in cardiomyocytes were detected also using qRT-PCR analysis, with GAPDH as an internal control. The sequences of primers were in Table 1 and Table 2 .
Transfection of miR-22 mimic into cultured cardiomyocytes
The cells were seeded in antibiotic-free medium for 24 h prior to transfection. For the miR-22 upregulation, the cells were transfected with miR-22 mimic (GenePharma Co. Ltd.) using Lipofectamine 2000 (Invitrogen, USA). Transfection complexes were added to medium at final oligonucleotide concentration of 50 nM. For the miR-22 knockdown, the cardiomyocytes were pretreated with atorvastatin in dosage (10 μmol/L) before transfection. The culture medium was replaced 4 h post-transfection with the regular culture medium for another 24 h. MiRNA transfection efficiency was proved by qRT-PCR. 
Cardiomyocyte immunochemistry and cell surface area analysis
Cardiomyocytes were plated at a density of 5×10 4 cells/ml to obtain individual cells. After Ang II treatment for 48 h, the cells were fixed with 4% paraformaldehyde for 30 minutes and permeabilized with 0.1% Triton X-100 in PBS, followed by blocking with 5% goat serum for 1 h at room temperature. The cells were incubated with monoclonal antibody against sarcomeric α-actinin (1:200 dilution, Sigma) at 4°C overnight. Nuclear staining was performed with 4′, 6-diamidino-2-phenylindole (DAPI) (1:10 dilution, Sigma). The cell picture was captured with laser scanning confocal microscopy (FV300, Olympus, Japan) and the cell surface area was determined with ImagePro Plus software (version 6.0, Media Cybernetics).
Animal experiments
The male Kunming mice (25~28g) were maintained under standard illumination and temperature for 5 days before study began. The animals were randomly distributed into three groups as follows: control group (control, n=5), angomir-22 stimulation mice without atorvastatin pre-treatment (angomir-22, n=5) and angomir-22 stimulation mice with atorvastatin pre-treatment (angomir-22+ATV, n=5). One week before the surgical procedure, the mice received 7 days pre-treatment with atrovastatin 5 mg/kg/day (angomir-22+ATV group) or 0.9% salt solution (control group and angomir-22 group) by oral gavage. After 7 days pretreatment with atrovastatin or salt solution, the mice were anesthetized with pentobarbital sodium (50 mg/ kg ip), then a polyethylene tube was intubated orally for artificial respiration (UGO Bsile S.R.L. Biological Research Apparatus, Italy). An incision (1.0 cm) was made on the back of each animal between the shoulder blades, and a micro-osmotic pump (1007D, Alzet Corp) containing angomir-22 (80 mg/kg body weight dissolved in 0.9% sodium chloride solution) was inserted into the infrascapular s.c. tissue as previously described in angomir-22 group [24] . The control group were administrated with 0.9% sodium chloride solution via the micro-osmotic pump. After surgery the mice received food and water ad libitum. Hearts were collected 2 weeks after operation. The heart weight/body weight (HW/BW) ratio was calculated and the heart samples were frozen in liquid nitrogen and then stored at -80 °C.
Echocardiography
Two week after angomir-22 treatment, mice were anesthetized with 2.5% (vol/vol) isoflurane and placed on the experimental platform. Transthoracic echocardiography was performed using a highresolution in vivo ultrasound imaging system (Vevo 770 Micro-Ultrasound, Visualsonics Inc., Toronto, Canada) with a 30-MHz phased-array transducer. Two-dimensional guided M-mode tracings were recorded from the parasternal long-axis view at the mid papillary muscle level [25] . When the picture was stabilized, ventricular parameters including heart rate (HR), left ventricular end-diastolic dimensions (LVEDD), left ventricular end-systolic dimensions (LVESD), diastolic interventricular septal thickness (IVSTD), interventricular septal thickness in systole (IVSTS), posterior wall thickness in diastole (PWTD), and posterior wall thickness in systole (PWTS) were measured. All of the measurements were made from more than three beats and averaged. After functional measurement, mice were killed and the hearts were collected in 4% paraformaldehyde or liquid nitrogen for use.
Histology
The left ventricle was fixed in 4% paraformaldehyde for 48 h and embedded with paraffin. Crosssectional slices along the minor axis were obtained with a microtome and then stained using Mayer's Hematoxylin and Eosin. Cardiomyocyte hypertrophy was quantitated by measuring the diameter of 100 randomly sectioned (transverse) cardiomyocytes per microscopic field. Masson's trichrome staining was used to evaluate collagen deposition. Sections were imaged at 200×magnification by bright-field microscopy (IX71 Olympus, Japan). All quantitative evaluations were carried out by ImagePro Plus software (version 6.0, Media Cybernetics).
Western blot analysis
Briefly, the protein concentrations were determined with a bicinchoninic acid protein assay kit using bovine serum albumin as the standard. Equal amounts of protein (100 µg) were fractionated by SDS-PAGE and blotted to PVDF membrane (Millipore, Bedford, MA). Membranes were blocked for 1 h using 5% non-fat milk in Tris-buffered saline with Tween (TBST), then probed overnight at 4°C with the following primary antibodies: PTEN (1:1000 dilution, Cell Signaling Technology), ANP (1:200 dilution, Abcam), BNP (1:200 dilution, Abcam), β-MHC (1:1000 dilution, Cell Signaling Technology), and anti-GADPH (1:5000 dilution; Cell Signaling), all in 5% milk TBST. Following incubation with the primary antibodies, membranes were incubated with secondary antibody (1:8000 dilution, Alexa Fluor® 700 goat anti-mouse IgG (H+L) or Alexa Fluor® 800 goat anti-rabbit IgG (H+L), Invitrogen) in PBS at room temperature for 1 h. Western blot bands were captured by using the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA) and quantified with Odyssey v1.2 software (LI-COR Biosciences, Lincoln, NE, USA) by measuring the band intensity (area×OD) in each group and normalizing to GAPDH as an internal control. Unless otherwise stated, western blot experiments were repeated three times.
Statistical analysis
All quantitative data are expressed as the mean ± SEM and analysed by SPSS 13.0 software. Two-tailed unpaired Student's t-tests and one-way ANOVA were used for statistical evaluation of the data. Differences were considered as statistically significant when p < 0.05.
Results
Effect of atorvastatin on miRNAs expression in Ang II-induced cardiomyocytes hypertrophy
As previously reported, there were a collection of miRNAs abnormally expressed in hypertrophic heart in response to Ang II or isoproterenol-induced cardiac hypertrophy, such as miR-1, miR-9, miR-15b, miR-21, miR-22, miR-23a, miR-24, miR-26, miR-27, miR133a, miR-199a , miR-208, miR-214 and miR-221 [21, 26] . In order to investigate whether these miRNAs are involved in the antihypertrophic effect of atorvastatin in Ang II-induced cardiomyocytes hypertrophy, rat cardiomyocytes were challenged with atorvastatin (10 μmol/L) and Ang II (1 μmol/L) stated in methods section. Then the expression level of aforesaid miRNAs was analyzed by qRT-PCR. Compared with control, the expression of miR-1, miR-9, miR-26a and miR-133a was substantially downregulated (p<0.01) (Fig. 1) , while the expression of miR-21, miR-22, miR-23a, miR-27, miR-199a, miR-208, miR-214 and miR-499 was upregulated in Ang II-induced cardiomyocytes hypertrophy (p<0.01) (Fig. 1) . However, the upregulation of miRNA-22 was counteracted by co-treatment of atorvastatin (p<0.01) (Fig. 1) , indicating miRNA-22 may be involved in the antihypertrophic role of atorvastatin. In addition, the upregulation of miR-21 induced by Ang II could be mildly counteracted by co-intervention of atorvastatin (Fig. 1) . Accordingly, the surface area of Ang II-stimulated myocytes was increased significantly relative to normal myocytes (2.0022 ± 0.04215 vs 1.0000 ±0.02339, p<0.01), while atorvastatin reversed the change obviously at a dosage of 10 μmol/L (1.3118 ± 0.01964 vs 2.0022 ± 0.04215, p<0.01) ( Fig. 2A and 2B) . Concomitantly, the production of ANP, BNP and β-MHC was enhanced by Ang II treatment and atorvastatin could obviously reverse the increase of these proteins expression in vitro (p<0.01) (Fig. 2C) .
Atorvastatin markedly inhibits cardiomyocyte hypertrophy induced by upregulation of miRNA-22 in vitro
To disclose the effect of miRNA-22 in cardiomyocyte hypertrophy, we treated the cardiomyocytes with miRNA-22 mimic. The synthesized miRNA-22 mimic was transfected into cardiomyocytes for 48h as described previously, which has been confirmed to have the ability of mimicing the effects of endogenous miRNA-22 on cardiomyocyte hypertrophy Fig. 1 . Using qRT-PCR analysis, a collection of miRNAs were dynamically regulated in Ang II-induced cardiomyocyte hypertrophy. Compared with control, miR-1, miR-9, miR-26a and miR-133a were downregulated, while miR-15b, miR-21, miR-22, miR23a, miR-24, miR-27, miR-199a, miR-208, miR-214, and miR-499 were substantially upregulated in Ang II-induced cardiomyocyte hypertrophy. However, the upregulation of miRNA-22 was counteracted by co-treatment of atorvastatin. Data are expressed as mean±SEM. **p <0.01 vs control group; ##p <0.01 vs Ang II group; n=3 independent experiments for each condition. Cellular Physiology and Biochemistry [21] . We excitingly observed that upregulation of miRNA-22 in cardiomyocytes markedly increased cell area of cardiomyocytes using cardiomyocyte immunochemistry and cell surface area analysis, and atorvastatin could abrogate the effects of miRNA-22 mimic (p<0.01) (Fig. 3A and 3B ). Using qRT-PCR analysis, we also found that overexpression of (Fig. 3C) . Concomitantly, we discovered that miRNA-22 mimic could significantly upregulate miRNA-22 level by 3-fold after transfection of miRNA-22 mimic for 48h, which was abolished by cotreatment of atorvastatin (p<0.01) (Fig. 3D ). These results indicated the possible involvement of miRNA-22 in promoting cardiac hypertrophy, and atorvastatin could effectively suppress cardiomyocyte hypertrophy induced by upregulation of miRNA-22 in cardiomyocytes.
PTEN is a potential antihypertrophic target of atorvastatin via inhibiting miR-22 expression in cardiomyocytes
PTEN, as a known antagonist to PI3K signaling, can serve as a critical determinant of cardiomyocyte growth. Overexpression of a catalytically inactive PTEN mutant could induce cardiomyocyte hypertrophy, with increased cell surface area, protein synthesis, and ANP expression [8] . This hypertrophy was accompanied by an increase in Akt activity and improved cell viability. We investigated whether PTEN expression was modulated by overexpression of miR-22 and whether atrovastatin could down-regulate PTEN expression by inhibiting miR-22 in vitro. The western blotting results showed that overexpression of miR-22 in cardiomyocytes significantly down-regulated PTEN expression level, while atrovastatin could inhibit endogenous miR-22 expression and markedly increased PTEN protein level (p<0.01) (Fig. 3E) . Concomitantly, we discovered that miRNA-22 mimic could significantly upregulate hypertrophic markers ANP, BNP and β-MHC after transfection of (Fig. 3F-3H ).
Atorvastatin significantly inhibits mouse cardiac hypertrophy induced by angomir-22 stimulation
We then turned to investigate if the beneficial effects of atorvastatin exist in in vivo conditions. To determine the antihypertrophic role of atorvastatin in miR-22 upregulationinduced cardiac hypertrophy, we overexpressed miR-22 specifically in the mouse heart using angomir-22 treatment stated in the methods section. As shown in Fig. 4A , angomir-22 induced cardiac hypertrophy and fibrosis could be successfully inhibited by atorvastatin pre-treatment. Atorvastatin inhibited angomir-22 induced hypertrophy revealed by heart weight/body weight ratio (p<0.01) (Fig. 4B) , cross-sectional areas (p<0.01) (Fig. 4C) , area of fibrosis (p<0.01) (Fig. 4D) , expression levels of PTEN (p<0.01) (Fig. 4E ) and hypertrophic markers including ANP, BNP, and β-MHC (p<0.01) (Fig. 4G -4I) .
Cardiac function was examined using echocardiography 2 weeks after angomir-22 transfection. Analysis of cardiac function by M-mode echocardiography revealed that mouse hearts treated with angomir-22 displayed thickening of the ventricular walls, while atorvastatin could reverse the change (Fig. 5A) . Echocardiography examination showed that in angomir-22 treatment mouse hearts LVEDD and LVESD were significantly decreased, while IVSTD, IVSTS, PWTD and PWTS were markedly increased, indicating the cardiac hypertrophy (p<0.05) (Fig. 5B-5G ). However, atorvastatin played antihypertrophic role in vivo and reversed angomir-22 induced cardiac hypertrophy (p<0.05) (Fig. 5B-5G ).
Discussion
Several novel findings of present study are summarized as follows. First, we showed that miR-22 is involved in Ang II-induced cardiac hypertrophy. Up-regulation of miR-22 via transfection of miR-22 mimic into cultured cardiomyocytes can induce cardiomyocyte hypertrophy in vitro. Second, we demonstrated that miR-22 level was downregulated by the HCM-CoA reductase inhibitor atorvastatin. Third, HCM-CoA reductase inhibitor atorvastatin produces protective effects against cardiac hypertrophy, possibly partially by reducing miR-22 expression, which might be responsible for the down-regulation of PTEN during hypertrophy. These findings not only help us understand the mechanisms underlying the antihypertrophic effects of HCM-CoA reductase inhibitor but also advance our view of miRNAs that may serve as potential pharmacological intervention targets. Pharmacological agents blocking or inhibiting prohypertrophic pathways during cardiac hypertrophy can exert an antihypertrophic effect. It was reported that pre-treatment of atorvastatin can prevent the increase in the phosphorylation of Akt and GSK-3β caused by cardiac hypertrophy, and this effect correlated with an increase in protein levels of PTEN, which negatively regulates the phosphoinositide-3 kinase/Akt pathway [9] . Moreover, Planavila et al. elucidated that atorvastatin inhibits cardiac hypertrophy and prevents the decrease in the protein levels of PPARα and PPARβ/δ and suppresses NF-κB activation during cardiac hypertrophy [27] . In this study, administration of atorvastatin significantly inhibits Ang II-induced cardiomyocytes hypertrophy in vitro and in vivo, which is consistent with previous study. However, the potential mechanisms of these protective effects have not been fully disclosed. In the current study we found that miR-22 is involved in antihypertrophic effect of atorvastatin in vitro and in vivo.
A growing body of evidence shows that specific miRNAs are extensively involved in the pathogenesis of cardiac hypertrophy. For example, miR-9 is involved in regulating a hypertrophic pathway which is constituted of nuclear factor of activated T cells c3 (NFATc3) and myocardin [28] . Dong and his cooperators have domenstrated that reciprocal repression between microRNA-133 and calcineurin regulates cardiac hypertrophy [29] . It has been shown in several recent studies that miR-22 plays a critical role in pathological cardiac hypertrophy. Huang et al. uncovered that miR-22 is a critical regulator of cardiomyocyte hypertrophy and cardiac remodeling [30] . Priyatansh Gurha et al. have demonstrated that miR-22 functions as an integrator of Ca 2+ homeostasis and myofibrillar protein content during stress in the miR-22 deficient mouse heart and shed light on the potential mechanisms that enhance propensity toward heart failure [31] . Consistent with these reports, our data showed that the expression level of miR-22 was markedly upregulated in Ang II-induced cardiomyocytes hypertrophy. In addition, pre-treatment of atorvastatin could suppress AngII-induced miR-22 upregulation. As previously reported, miRNAs modulated their biological functions through regulating gene expression post-transcriptionally, by base-pairing to partially complementary sequences in target mRNAs. Using miRNA target predictions (TargetScan, http://www. targetscan.org), we found that PTEN is a potential target of miR-22. Coincidentally, Xu and his cooperators demonstrated that attenuation of miR-22 in neonatal rat cardiomyocytes efficiently protected from hypertrophic effects through derepressing PTEN [21] .
Taken together, in this study we disclosed the important role of specific miRNAs in the control of Ang II-induced cardiac hypertrophy and pointed out that miR-22 could be used as potential pharmacological intervention target for the treatment of cardiac hypertrophy. Regulating miRNAs expression by pharmacological treatments are likely to emerge as alternative and safe methods to treat cardiovascular disease. However, it should be aware that our researches were performed in mouse models and the findings may not be extrapolated directly to humans. Additional studies are required to investigate whether the miR-22 mechanism of atorvastatin actions also operate in the clinical setting.
